In a modern gas turbine, using superheated steam to cool the vane and blade for internal convection cooling is a promising alternative to traditional compressor air. However, further investigations of steam cooling need to be performed. In this paper, the three-dimensional flow and heat transfer characteristics of steam are numerically investigated in two-pass square channels with 45° ribbed walls under stationary and rotating conditions. The investigated rotation numbers are 0 and 0.24. The simulation is carried out by solving the Reynolds averaged Navier-Stokes equations employing the Reynolds stress turbulence model, especially considering two additional terms for Coriolis and rotational buoyancy forces caused by the rotating effect. For comparison, calculations for the air-cooled channels are done first at a Reynolds number of 25 000 and inlet coolant-to-wall density ratio of 0.13. The results are compared with the experiment data. Then the flow and heat transfer in steam-cooled channels are analyzed under the same operating conditions. The results indicate that the superheated steam has better heat transfer performance than air. Due to the combined effect of rotation, skewed ribs and 180° sharp turn, the secondary flow pattern in steam-cooled rotating two-pass channels is quite complex. This complex secondary flow pattern leads to strong anisotropic turbulence and high level of anisotropy of Reynolds stresses, which have a significant impact on the local heat transfer coefficient distributions.
Introduction 1
Increasing the inlet gas temperature of blade channels in gas turbine is one of the most effective ways to enhance the overall thermal efficiency and output power. Nowadays turbine inlet temperature has reached 2 200 K, which far exceeds the allowable metal temperature of turbine blades. Thus, efficient cooling of the vanes and blades becomes necessary. Highly sophisticate cooling techniques have been employed for modern turbine blades, such as film cooling [1] [2] pin-fin cooling [3] [4] [5] , rib turbulated cooling [6] [7] , jet impingement cooling [8] [9] and transpiration cooling [10] . For rib turbulated cooling, it is widely used as internal blade cooling in a serpentine flow path for the rotating blades. It has been demonstrated that rotation can significantly alter the local heat transfer in the internal coolant passages [11] [12] . Therefore flow structure and local heat transfer characteristics in the U channels with ribs under the conditions of rotation are always the important research topics.
Wagner, et al. [11] [12] [13] [14] experimentally analyzed the combined effect of Coriolis and rotating buoyancy forces on flow fields and local heat transfer distributions in rotating multipass internal coolant passage with smooth walls and normal ribs as well as skewed ribs. They showed that the Coriolis forces led to increased heat transfer on the trailing wall in the flow radial outward passage, while heat transfer on the leading wall was decreased. The opposite effect can be found for radial inward flow. The skewed ribs provided higher heat transfer coefficients and less sensitivity to buoyancy effects and those skewed ribs, rather than normal ribs, should be employed for rotating coolant passages. Han and Zhang experimentally investigated the effect of wall heating condition on the local heat transfer coefficient in a rotating square channel with smooth walls and radial outward flow [15] . They also investigated the effects of ribs with different configurations [16] [17] [18] and channel orientation [19] on heat transfer in a two-pass rectangular rotating channel, as well as the effects of the entrance geometry [20] . In addition to the experimental studies mentioned above, many numerical studies of flow and heat transfer behavior have been performed. Dutta, et al. [21] used a two-equation k-İ turbulence model with new terms for Coriolis and rotational buoyancy to predict the heat transfer in a rotating square channel. Stephens, et al. [22] employed a low-Reynolds-number k-Ȧ model of turbulence to predict the three-dimensional flow in a rotating two-passage square duct. The computed heat transfer coefficients on the leading surface in the first passage were overestimated. Chen, et al. [23] [24] is the first to accurately predict the flow and heat transfer behavior in a rotating two-pass square duct with smooth walls by performing a near-wall second moment turbulence closure model. He demonstrated the superiority of the second-order Reynolds stress closure models over simpler k-İ isotropic eddy viscosity models, i.e., the second-moment solutions exhibit a significant level of anisotropy in the normal components of Reynolds stress tensor and is suitable for predicting the flow and heat transfer in rotating passages with strong nonisptropic produced by the Coriolis and centrifugal buoyancy forces. With the same second-moment closure model, Al-Qahtani, et al. [25] then predicted the flow and heat transfer in a rotating two-pass rectangular channel with 45q angled ribs. This complex three-dimensional flow and heat transfer characteristics resulting from rotation, angled ribs and sharp 180q turn can be predicted fairly well.
These above referenced papers are very informative, but unfortunately, they do not present an investigation of the effects of the coolant medium on the flow field and heat transfer. They all use compressor air as cooling fluid. While recently the alternative coolant such as water and steam are selected. And these cooling types can greatly save the air form the compressor. Especially, the process steam with favorable fluid properties can provide several benefits as cooling fluid, in comparison to air-cooling [26] [27] [28] . There are also some studies on gas turbines with steam cooling (Corman [29] and Fukue [30] ). In the present study, the flow field and heat transfer of coolant air and steam are comparatively analyzed in the rotating two-pass square ducts with 45q angled ribs.
Numerical Methodologies

Geometry and grid generation
The present calculations are performed for a twopass rectangular channel with 45q angled ribs, which is the same as the experimental configuration of Wagner, et al. [11] . Figure 1 shows the investigated geometry and grids. It has two-pass square channels connected by a sharp 180q turning. Both channels consist of unheated smooth section (L 1 =10D h ) and heated ribbed section (L 2 =14D h ). The channel hydraulic diameter D h is 12.7 mm. The radius of turning r 1 is 1.25D h and the distance between the rotating axis and the inlet R r is 32D h . Two opposite walls, which are denoted as the leading and trailing surfaces respectively, are roughed with 45q parallel ribs. These square-cross section ribs are equally spaced on the leading and trailing surfaces alternately. The rib height-to-hydraulic diameter ratio (e/D h ) is 0.1, and the rib pitch-to-height ratio (P/e) is 10. The distance between the inlet and the first rib on the trailing surface is 2.46D h . Fig. 1 The investigated geometry and grids.
The block-structured hexahedral meshes are generated by ICEM CFD 11.0 software. To provide adequate resolutions of the viscous sublayer and buffer layer adjacent to a solid surface, the minimum grid spacing in the near-wall region is maintained at 10 4 of body length, which corresponds to a wall coordinate y + around 1 [31] .
Computational code and turbulence model
The numerical solutions are performed by using commercial software ANSYS CFX 11.0, based on fi-nite volume technique. The equations (the mass, momentum and energy) are discretized and solved iteratively for each control volume. As a result, an approximation of the value of each variable at specific points throughout the domain can be obtained [29] . A convergence criterion of 10 5 is used for the maximum root mean square (RMS) error in all computational blocks.
Because of the strong anisotropy of Reynolds stress in the calculated channels, the Z Reynolds stress model based on the Ȧ-equation is selected as the turbulence model with automatic wall function. Though this model is developed originally for incompressible flows in non-rotating coordinates, it is now generalized to include the effects of rotation.
Boundary conditions
The experimental boundary conditions of Wagner, et al. [11] are adopted as reference. The coolant fluid at the entrance of the duct is at a uniform temperature of T 0 ,
T w is the wall surface temperature, and T the local temperature. The temperature of all heated walls including ribs are fixed at T=T w (ș=1). The type of wall boundary condition implementation is set to be no slip. The inlet coolant-to-wall density ratio (ǻȡ/ȡ= (T w T 0 )/T w ) is 0.13. A static pressure of 1.0×10 6 Pa is imposed at the outlet. The investigated Reynolds number Re=ȡW b D h /ȝ is 25 000, and the rotation numbers Ro=ȍD h /W b are 0 and 0.24, where W b is the bulk velocity in streamwise direction, ȝ the dynamic viscosity, and ȍ the rotational speed.
In the calculations, the thermodynamic and transport properties of superheated steam are determined by calculating formulation called "IAPWS Industrial Formulation 1997 for the Thermodynamic Properties of Water and Steam (IAPWS-IF97 for short) [32] ", which is an approved formulation for industrial use.
Grid refinement study
Three different grid distributions 50×50×500 (500 in the streamwise direction and 50×50 in the crossstream directions), 65×40×1 000, 80×60×1 000 are tested for grid refinement study. The total numbers of grid cells are 1 148 383, 2 098 680 and 3 937 320 for the three investigated grids, and the numbers of nodes to resolve the boundary layer are 12, 15 and 20, respectively.
The calculated regional-averaged Nusselt number Nu on the leading surface for the three grid distributions at Ro=0 and Ro=0.24 is shown in Fig. 2 , S is the actual length from the inlet of the duct. As seen the Nusselt number with coarse mesh 50×50×500 is overestimated in the second passage at Ro=0. 24 . The Nusselt number with finer mesh 65×40×1 000, as well as the grid 80×60×1 000, shows good agreement with the experiment data of Wagner, et al. [11] , indicating that the grid 80×60×1 000 can provide a sufficient grid independency and accurate prediction. All of the following discussions are based on the grid 80×60×1 000. Moreover, to determine the sensitivity of model solutions to numerical discretization, the grid convergence index (GCI) method which is based on the generalized Richardson extrapolation [33] [34] is employed here with the grid distributions 50×50×500, 65×40× 1 000 and 80×60×1 000. The GCI indicates how much the solution would change with a further refinement of the grid. A small value of GCI indicates that the computation is within the asymptotic range. Table 1 presents the results of the grid convergency calculations using GCI method. The investigated parameters are the area-averaged Nusselt number on the leading surface under stationary (Ro=0) and rotating (Ro=0.24) conditions.
According to the GCI analysis shown in Table 1 , several conclusions can be obtained. In Table 1 , N is the total number of cells used for the computations, r is the grid refinement factor 
where p is the order of numerical methods.
There is a reduction of GCI value for the grid refinements (GCI 21 <GCI 32 ), indicating that the depend-ency of numerical results on the cell size has been reduced. Also, a grid independent solution has been achieved. Further refinement of the grid will not give much change in the numerical results. In addition, the numerical uncertainties in the 80×60×1 000 grid solution adopted in the following simulations for the Nusselt number on the leading surface at Ro=0 and 0.24 are 10.13 and 5.07 , respectively. 
Results and Discussion
In this section, the calculations for steam-cooled two-pass square channels with 45q ribs are performed. The calculated Nusselt number will be compared with the results of air-cooled channels. Then more numerical results will be analyzed in detail, including the velocity fields, temperature fields and Reynolds stresses.
The fluid properties in the Nusselt and Reynolds numbers are evaluated at the film temperature, i.e., T f = (T w +T b )/2. The definition of the Nusselt number is
where q w is the wall heat flux, h the heat transfer coefficient, T b the local bulk temperature and k the thermal conductivity of coolant at the wall temperature.
Surface heat transfer for steam-cooled channels
Figures 3-4 show the comparison of averaged Nusselt number distributions between the steam-cooled and air-cooled channels at Re=25 000, Ro=0 and 0.24, respectively. Note that the calculated regional-averaged Nusselt number here is multiplied by 1.15 to compare with the data obtained by Wagner, et al. [11] , except for the first and last points on both the leading and trailing surfaces, as well as the points at the bend region, where there are no ribs. The calculated Nusselt number is based on the true heat transfer area, while in Wagner, et al. [11] , it is based on the projected area. The Nusselt number distributions for air-cooled and steam-cooled · 528 ·
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No. 4 channel show a similar tendency. However, the Nusselt number in the steam-cooled channels is higher, around 30 and 20 for the stationary and rotating cases, respectively. Since the superheated steam has high specific heat, density and thermal conductivity, it will show better cooling performance than air [35] . For the stationary case (see Fig. 3 ), the heat transfer distributions on the leading surface are similar to that on the trailing surface. The regional-averaged Nusselt number increases first and gets to the maximum at S/D h =8, while it decreases to the minimum at the turning region due to the absence of ribs. When entering the second passage, the Nusselt number increases a lot suddenly and then decreases gradually in the streamwise direction. The spanwise-averaged Nusselt number distributions have periodic spikes. The higher spikes are caused by the flow impingement on the ribs, and the lower ones are caused by the flow reattachment between the ribs.
For the rotating case (see Fig. 4 ), in the first passage, the heat transfer on the leading surface is considerably weakened and the Nusselt number is much lower than that on the trailing surface, because the Coriolis force pushes the coolant towards the trailing surface. While in the second passage, the heat transfer on the leading surface is strengthened, and the Nusselt number on the leading surface is a little higher than that on the trailing surface, because the Coriolis force is reverse in the second passage, pushing the coolant towards the leading surface.
Velocity and temperature fields for steamcooled channels
The calculated three-dimensional velocity and temperature fields for both the non-rotating and the rotating 45q ribbed two-pass steam-cooled channels are presented in this section. Figures 5-6 show the enlarged view of mean velocity vectors in the plane midway of the inner and outer surface for the stationary and rotating case, respectively. The location is between the 6th and 7th ribs on the leading surface in the first passage and the 6th and 7th rib in the second passage. Figure 5 indicates that the velocity near the leading surface is equal to that near the trailing surface in both the first and second passages in the stationary channels. In the first passage, there is obvious flow separation downstream of the ribs, but none in the second passage. Due to the 180 turning, the flow in the second passage is less sensitive to ribs.
While for the rotating case (see Fig. 6 ), in the first passage, the velocity vectors near the leading surface is much lower than that near the trailing surface. The flow separation occurs upstream and downstream of the ribs near the leading surface. The former is due to the Coriolis forces which push the coolant towards the trailing surface and the buoyancy force which tends to slow down the lighter fluid near the leading surface and accelerate the heavier fluid near the trailing surface.
The latter is due to the rib turbulators. In the second passage, the mean velocity near the trailing surface and leading surface is almost equal again. This is because the Coriolis force acts in the opposite direction and pushes the cold fluids toward the leading surface. Thus the centrifugal buoyancy forces accelerate the lighter fluid near the trailing surface and, consequently, flatten the axial velocity profile. Figure 7 shows the cross-stream velocity vectors and the temperature contour at selected planes. As is shown in Fig. 1 , Section A is 0.1D h before the first rib on the trailing surface. Section B is on the top of the first rib and Section C is on the top of the second rib on the trailing surface. Section D is on the midway between the last rib on the trailing surface and the 12th rib on the leading surface. Section E is in the center of the bend. Section F is on the top of the first rib on the leading surface and Section G is between the last rib on No.4
WANG Wei et al. / Chinese Journal of Aeronautics 25(2012) 524-532
· 529 · the trailing surface and the last rib on the leading surface in the second passage. For the stationary case (see Fig. 7 ), it can be seen that in Section A (see Fig. 7 Section A), four small secondary corner vortices are produced by the anisotropy of the turbulent Reynolds stresses. As the coolant approaches the first rib (see Fig. 7 Section B), a narrow and long rib-induced vortex is generated near the top of the rib, pushing the coolant from the inner surface towards the outer surface. After passing through a pair of rib turbulators, two symmetric counter-rotating vortices occur near the outer surface, as is shown in Fig. 7 Section C. This secondary flow moves towards the outer surface and then returns back to the inner surface along the centerline, which leads to steep temperature gradient and high heat transfer coefficients on the ribbed surface and outer surface. In Fig. 7 Section D, these two symmetric counter-rotating vortices are full in size and occupy nearly half of the inclined cross-stream plane. In the bend (see Fig. 7 Section E), there are four big vortices. The vortices near the inner surface are induced by the ribs, and the two vortices near the outer surface are curvature induced secondary flow. After the bend, as the fluid enters the second passage, the curvature induced secondary flow overcomes the rib induced secondary flow. Consequently, vortices near the inner surface disappear, taken placed by two counter-rotating vortices which push the coolant from the inner surface to the outer surface. Meanwhile, there is a small rib induced vortex near the leading surface (see Fig. 7 Section F). As the coolant approaches the end of the second passage, the secondary flow moves along the top of the ribs towards the inner surface, and returns back to the outer surface along the centerline due to the ribs, as is shown in Fig. 7 Section G.
For the rotating case (Ro=0.24), the strong rotational Coriolis and buoyancy force greatly disturb the rib-induced secondary flow pattern in the stationary case. In Fig. 8 Section A, two narrow and long vortices near the inner and outer surfaces are caused by the Coriolis forces which push the coolant towards the trailing surface. When the coolant approaches the first rib (see Fig. 8 section B) , another vortex induced by rib shows up on the rib tip. After the fluid moves through a pair of ribs along the passage (see Fig. 8 Section C), the vortex induced by the rib on the trailing surface becomes much larger than that near the leading surface, rather than two symmetric counter-rotating vortices shown in the stationary case (see Fig. 7 Section C). This is because the Coriolis force strengthens the secondary flow near the trailing surface and destroys the rib-induced flow near the leading surface. In the bend, the vortex induced by the ribs on the leading surface is totally occupied by the curvature induced vortex, while near the trailing surface, the vortex induced by ribs on the trailing surface is even bigger than the curvature induced vortex (see Fig. 8 Section E). This indicates that the secondary flow induced by Coriolis forces and ribs is much stronger than the secondary flow induced by turning centrifugal force.
After the bend, in Fig. 8 Section F, the curvature induced vortex has grown bigger than the rib induced vortex near the trailing surface. In Fig. 8 Section G, the Aeronautics 25(2012) [524] [525] [526] [527] [528] [529] [530] [531] [532] No. 4 vortex induced by the ribs on the leading surface is much larger than that near the trailing surface. This is because the Coriolis force acts on the reverse direction in the second passage.
Reynolds stresses
The rotational Coriolis force has an interesting characteristic that it is unable to affect the energy of a flow directly, because it is always perpendicular to the velocity. However it produces great anisotropic turbulence including both the Reynolds stresses and turbulent heat transfer. In this section the effects of anisotropic turbulence on detailed flow and heat transfer characteristics in steam-cooled channels will be dis- Fig. 1 . For the stationary case, at Section D in the first passage (see Fig.9 (a) ), the turbulent intensity is higher near the middle of the inner surface and at the corners near the trailing surface, where the velocity gradient changes sharply. This is because the eddy viscosity hypothesis assumes the Reynolds stresses to be proportional to the mean velocity gradients.
A rather high degree of anisotropy (3.887 0x ww uu / or ww vv / x2.387 0) is observed near the middle of the inner surface and at the corner of leading and outer surfaces. Because the secondary flow pattern here is that the fluid moves towards the outer surface along the ribs and then returns to the inner surface along the centerline.
In the bend, the secondary flow is affected by the pressure-driven cross-stream flow in the turning and the turbulent intensity has been strengthened. x2.970 0). After the bend (see Fig. 9 (c)), the level of turbulent intensity is as high as 18 near the outer surface due to the bend effect while it has a tendency to move towards the inner surface, because of the pressure-driven cross-stream flow. For the rotating case, in the first passage (see Fig. 10 ww W ) is enhanced greatly due to the Coriolis and rotating buoyancy forces compared with the stationary case. It can be observed that the highest level of turbulent intensity occurs around the rib on the leading surface, probably as high as 20 -26 , because of the flow separation on the top of the ribs on the leading surface (see Fig. 6(a) ), indicating that the flow separation can lead to higher turbulent intensity. In the bend the higher level of turbulence intensity seems to move towards the trailing surface and the turbulence intensity in the core region increases compared with the stationary case (see Fig. 9(b) ). The anisotropy at the corners is much higher (2.368 0x ww uu / or ww vv / x3.528 0), so corner vortices form at the corners.
In the second passage, the turbulence intensity is higher near the inner surface where the vortices meet, as much as 24 . A rather high degree of anisotropy (3.887 0x ww uu / or ww vv / x2.387 0) is observed near the middle of the inner surface and at the corner of leading and outer surfaces, since the secondary flow pattern here is that the fluid moves towards the outer surface along the ribs and then returns to the inner sur face along the centerline. 
Conclusions
1) The calculated Nusselt number for steam-cooled and air-cooled two-pass square channels shows a similar tendency in both the stationary and rotating cases, and the Nusselt number is much higher in the steam-cooled channels. The superheated steam shows better cooling performance than air.
2) For the steam-cooled channels considered here, the Coriolis and buoyancy forces weaken the heat transfer on the leading surface in the first passage while strengthen it in the second passage. The combined effect of rib turbulators, 180q sharp turning and rotation leads to very complex flow patterns in the channels.
3) The Coriolis and rotating buoyancy forces produce strong Reynolds stresses and the anisotropic turbulence, which significantly affect the heat transfer distributions on the surfaces.
